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(54) Computer system with a multiplexed address bus and pipelined write operations 



(57) A computer system with a multiplexed address 
bus that is shared by^both system memory and by slave 
devices is described: The slave devices are incorporated 
■into an existing system memory configuration by provid- 
ing a bus controller to execute a two-cycle address 
sequence on the multiplexed address bus. The address 
sequence is followed by a transfer of data. A random 
latency can exist between the time of receiving address 
information and the time of receiving data corresponding 
to the address information. This random latency can be 
exploited by the system CPU for other computational 
purposes. The bus controller of the system executes 
multiple, or pipelined, data writes to the bus before an 
acknowledgement for the first data write is received. In 
this scheme, the acknowledgement for the first data write 
is typically sent during the same time period that the sub- 
sequent data writes are being received. Consequently, 
data transfer acknowledgements overlap data writes. 
This overlapping operation allows the bus to be com- 
pletely utilized during write operations, thereby improv- 
ing data bandwidth. 
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Description 

Brief Description of the invention 

This invention relates generally to the transfer of data in computer systems. More particularly, this invention relates 
to a bus used between a central processing unit, system memory, and one or more slave devices, which uses multiplexed 
address cycles, and which executes pipelined write operations to reduce data transfer acknowledgement overhead. 

Background of the Invention 

A computer system relies upon a high-speed memory bus to transfer data between system memory and a central 
processing unit (CPU). A separate lower speed input/output (I/O) bus is typically used for I/O operations between a CPU 
and a slave device, such as a print driver. Prior art computer systems have used lower speed I/O buses for data transfer 
between system memory and a CPU. This technique considerably increases the time required for reading and writing 
data to memory. Thus, prior art computer systems have provided a high-speed memory bus for the system memory and 
a separate low-speed I/O bus for slave devices. It would be highly desirable to eliminate this redundancy in hardware 
and utilize a single high-speed memory bus for data transfers between system memory and a CPU, and for controlling 
operations between a CPU and a slave device. Such a system should not require a reconfiguration of system memory. 
In other words, the slave device should operate in conjunction with the existing system memory access architecture. 

Prior art techniques for transferring data between a CPU and a slave device on a low speed I/O bus is a two step 
process. First, the CPU, also called a master device, generates a write request, a memory mapped I/O address, and 
data onto the I/O bus. A slave device, such as a print driver, reads the information, and then sends an acknowledgement 
back to the master device. The time between the write request and the data acknowledgement is the data transfer 
acknowledgement latency. 

The data bandwidth of prior art computer buses is limited by this data transfer acknowledgement latency. The data 
transfer acknowledgement latency problem is more fully appreciated with reference to Figure 1 A write request is sent 
from a master device. An acknowledgement signal signifying the receipt of the data is then sent from a slave device 
several cycles later. Only after this acknowledgement signal is received can the master device issue another write 
request, as shown in Figure 1. On a synchronous bus, this data transfer acknowledgement latency doubles or triples 
the number of clock cycles required to send a single write request. 

To mitigate the bandwidth expense associated with data transfer acknowledgement latencies, burst mode data trans- 
fers were developed. In a burst mode data transfer, only one acknowledgement is required for a large block of data. 
Thus, burst mode data^ransfer amortizes the data transfer acknowledgement latency over larger blocks of write data. 

Unfortunately, the burst mode data transfer technique has associated problems. First, the data transfer acknowl- 
edgement latency is just as long as in the traditional data transfer case shown in Figure 1. Another problem is that the 
burst mode data transfer requires that the same amount of data always be transferred. Frequently, the amount of data 
to be sent is less than the required, amount for burst mode data transfer. This problem may be alleviated by special 
techniquesTor masking the unused portion of the burst mode data. However, this results in added system complexity 
and expense. 

Another problem with burst mode data transfers is that they require a fixed byte order. It is frequently desirable to 
transfer data without conforming to a fixed byte order, for instance in an overlapping copy operation. 

Burst mode data transfer techniques have a restricted address range. That is, only addresses within the burst size 
can be accessed in the burst mode. It is desirable to access any address in any order. This capability is especially 
important in graphics applications. For example, when drawing vectors and triangles, where addresses are localized, 
but they are in random directions. 

Thus, it would be highly desirable to provide a computer system data bus that reduces data transfer acknowledge- 
ment latency overhead. Such a system should avoid the problems attendant with burst mode data transfers. 

Summary of the Invention 

/ The invention according to one embodiment is a computer system with a multiplexed address bus that is shared by 
both system memory and by slave devices. The slave devices are incorporated into an existing system memory config- 
uration by providing a bus controller to execute a two-cycle address sequence on the multiplexed address bus. Each 
address sequence includes a first write cycle in which high-order address bits are launched on the bus and latched by 
a selected slave device. The address sequence also includes a second address cycle in which the remaining low-order 
address bits and byte mask bits are sent to the selected slave device. In subsequent address sequences, the high-order 
address bits are 6nly resent if their content changes. Consequently, most address sequences from the bus controller to 
a slave device include only a single address cycle. 
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The address sequence is followed by a transfer of data. Thus, the system has a slave device which utilizes decoupled 
address and data. A random latency can exist between the time of receiving address information and the time of receiving 
data corresponding to the address information. This random latency can be exploited by the system CPU for other 
computational purposes. 

s The bus controller of the system executes multiple, or pipelined, data writes to the bus before an acknowledgement 

for the first data write is received. In this scheme, the acknowledgement by the slave device for the first data write is 
typically sent during the same time period that subsequent data writes are being executed by the master device. Con- 
sequently, data transfer acknowledgements overlap data writes. This overlapping operation allows the bus to be com- 
pletely utilized during write operations, thereby improving data bandwidth. 

w 

Brief Description of the Drawings 

For a better understanding of the nature and objects of the invention, reference should be made to the following 
detailed description taken in conjunction with the accompanying drawings, in which: 

75 

FIGURE 1 is a set of timing signals used to illustrate the prior art problem of data transfer acknowledgment latency. 
FIGURE 2 is a diagram of the computer system in accordance with the invention. 

FIGURE 3 is a timing diagram illustrating the multiplexed address and the pipelined write operations of the invention. 
FIGURE 4 depicts a slave device that may be used in accordance with the invention. 
20 FIGURE 5 is a timing diagram illustrating the split read operations of the invention. 

Like reference numerals refer to corresponding parts throughout the several views of the drawings. 

Detailed Description of the Invention 

25 

The present invention is directed toward a computer system with a multiplexed address bus thai is shared by both 
system memory and by slave devices. The single bus eliminates hardware redundancy. In addition, it allows the slave 
devices to access the large data fields. 64 bits in this example, used by the system memory. In accordance with the 
invention, slave devices are incorporated into an existing system memory configuration by providing a two-cycle address 

30 sequence. Each address sequence includes a first write cycle in which high-order address bits are launched on the bus 
and latched by a slave device. The address sequence also includes a second address cycle in which the remaining low- 
order address bits and byte mask bits are sent to the slave device. In subsequent address sequences, the high-order 
address bits are only re-sent if their content changes. Consequently, most address sequences to a slave device only 
require a single addrfess cycle conveying the low-order address bits. This feature improves the data bandwidth to the 

35 slave device. This is similar to fast page mode in memory systems, but it believed to be novel when used in relation to 
a slave device. 

The address sequence is followed sometime later by a transfer of data. The system of the present invention can 
have a random latency between the time of receiving address information and the time of receiving data corresponding 
to the address information. This random latency can be exploited for other computational purposes. The ability to provide ( 
40 a random latency between address and data write operations is believed to be novel. 

The present invention also improves the data bandwidth on data buses of a computer system by allowing for multiple, 
or pipelined, data writes to the data bus before an acknowledgement for the first data write is received. In this scheme, 
the acknowledgement for the first data write is typically sent during the same time period that subsequent data writes 
are being executed. Consequently, data transfer acknowledgements overlap data writes. This overlapping operation 
45 allows the data bus to be completely utilized during write operations, thereby improving data bandwidth. 

The salient features of the invention have now been described. At this time, attention turns to a more detailed 
consideration of the invention. First, the architecture of the multiplexed bus of the invention will be described. Thereafter, 
attention will turn to the pipelined writing operation of the invention. 

Figure 2 illustrates a computer system 20 incorporating the multiplexed bus 22 of the invention. The multiplexed bus 
so.- 22 includes control lines 22A and address/data lines 22B. The multiplexed bus 22 is used to incorporate one or more 
/ slave devices 24 into the system 20. The slave devices 24 are controlled by a bus controller 26. For the sake of simplicity, 
the invention will be described in reference to only one slave device 24. However, it should be appreciated that multiple 
slave devices may be used. 

The control lines 22A, bus controller 26, and slave device 24 are incorporated into an existing system that includes 
55 a central processing unit (CPU) 28, a memory controller 30, memory control lines 32, and system memory 34. The 
address/data lines 22B constitute the existing address/data lines used by system memory 36. Thus, it can be appreciated 
that the multiplexed bus of the present invention exploits existing system memory 36 resources and adds additional 
control lines so that a slave device can be used. In this way, the slave device 24 does not require separate address and 
data buses, thereby reducing system hardware requirements. This feature is also advantageous because the absence 
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of a second bus reduces the number of pins that the CPU must support, an important packaging consideration. Moreover, 
the slave device can access the large bandwidth data of the address/data lines 22B. Consequently, a high data throughput 
device, such as a graphics card, may be used as the slave device 24. 

The invention is directed toward a multiplexed bus 22 that exploits existing system resources. The existing system 
resource including the CPU 28, memory controller 30. and system memory 34 are known in the art and need not be 
discussed in detail. In addition, the contention operation between the bus controller 26 and the memory controller 30 
for the address/data lines 22B may be operated in accordance with any number of contention resolution techniques. It 
is only important to recognize that the address/data lines 22B are used by the system memory 34 and the slave device 
24 at different times. 

The address/data lines 22B are in the configuration of an existing computer bus. Figure 2 indicates that the 
address/data lines include the following lines: AB[10:0], WRITE_L, and DB[63:0]. The AB[10:0] symbol indicates that 
there are 1 1 address lines, the DB[63:0] symbol indicates that there are 64 data lines, and the WRITE_L line is used to 
distinguish between a read or a write operation. 

The multiplexed bus of the invention uses these existing lines and additionally provides for a set of control lines 22A 
so that the slave device 24 may be serviced. Note in Figure 2 that the control lines 22A include the following lines: AEN 
(address enable), AB[14:11], S_REPLY[1:0], P_REPLY[1 :0], LO_ADDR (low address), INT_L, CLK, RESET_L, and 
DEV_PRES_L. The control lines 22A also include test signal lines and power and ground lines, which are omitted for 
the sake of simplicity. 

The operation of each line of the multiplexed bus may be characterized as follows. AEN is an address enable signal. 
When AEN is asserted (high), it indicates that there is a command request and there is valid data on the AB bus and 
the LO_ADDR and WRITE J. lines. The AEN signal also qualifies read cycles. The address/byte mask bus, AB[14:0], 
contains the multiplexed physical address indicating where the data should be written to or read from. In addition, it 
contains a byte mask. This address/byte mask data is multiplexed over two address cycles, as will be described below. 

The system reply signals, S_REPLY[1 :0], indicate that the bus has been selected and the type of access. The port 
reply signals. P_REPLY[1 :0j. indicate that the data has been processed (removed) from the write buffer on writes or that 
the read data is available in the read latch. 

The low address signal. LO_ADDR, is qualified by the AEN signal. The signal defines which address cycle the 
controller is sending on the address bus and write lines. When driven to 0. this signal indicates address cycle 0 (high 
address bits). When driven to 1 , this signal indicates address cycle 1 (low address bits and byte mask). 

The bus interrupt signal, INT_L, is used by a slave 24 to signal the controller 26 that some event has occurred and 
requires servicing. Before asserting the interrupt, the slave must set a bit in an internal register to indicate the cause of 
the interrupt. The interrupt is serviced by the CPU 28 reading this bit. The bit may be cleared by reading it or by an 
explicit write by the CPU 28. Once cleared, the slave 24 must then unassert the interrupt signal. 

The signal, DEV_pftES_L. is used to identify the presence of a device. Specifically, the pin is used to signify that a 
slave device 24 is present at a physical location. 

The bus reset signal, RESET_L, properly initializes all bus slaves after power-up and system reset. Upon detecting 
the assertion of RESET_L, a bus slave 24 must perform whatever internal operations are required to initialize itself. 

The WRITEJ- signal is qualified by AEN and is only valid during address cycle 1. When driven to 0, this signal 
indicates a write request. When driven to 1 , this signal indicates a read request. 

The data lines, DB[63:0], are used to transfer data between the CPU 28 and the bus slave 24. The data lines support 
four primary data formats: (1) bytes, which consist of eight data bits, (2) half words, which consist of 16 data bits, (3) 
words, which consist of 32 data bits, and (4) double words, which consist of 64 data bits. By convention, the least- 
significant bit of the data bus is DB[0], while the most-significant bit is DB[63]. 
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The operation of each of the described lines of the multiplexed bus 22 is summarized in Table I. 

TABLE I 
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The multiplexed bus 22 of the invention executes a two-cycle address sequence operation that is described in ref- 
erence to the foregoing signals and the following table. 
25 TABLE II 
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PA = Physical Address 
BM[3:0] = Byte Mask Bits 
R/W = Read or Write 
X = Don't Care 
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A line appears in Table II to demark that the first set of signals are applied to the control lines 22A, and the second 
set of signals are applied to the address/data lines 22B. During cycle 0, the slave device 24 latches the high-order 
address bits (PA[27]-PA[14]). These latched values are then combined with the low-order address bits (PA[13]-PA[3]) in 
each subsequent address cycle. Another address cycle 0 is only needed when the data access crosses the "page 
5 boundary" and the high-order address bits need to be modified. 

Note in cycle 1 that byte mask values are latched by the slave device 24. These byte mask values are used to identify 
where the data is in the 64 bit field. As indicated above, the data lines supports four primary data formats: (1) bytes, 
which consist of eight data bits, (2) half words, which consist of 16 data bits, (3) words, which consist of 32 data bits, 
and (4) double words, which consist of 64 data bits. Unlike a prior art burst mode data transfer, the present invention 
10 allows any sequence of addresses within the low address range. This is helpful in overlapping copy operations where 
the data may have to be read and written in reverse order. It also helps in vector and triangle graphics applications where 
access is localized but in random directions. 

The two-cycle address sequence operation of the multiplexed bus 22 is more fully appreciated with reference to 
Figure 3. Figure 3 shows that the address enable signal AEN initiates the writing of the high-order bits to AB[14:0] in a 
is first cycle. Thereafter, in response to the low address signal LO_ADDR, the low-order bits are written. Note that since 
the high-order bits do not change, they are not re-sent and a sequence of low order bits are written. 

Figure 4 shows the processing by the slave 24 in response to the two-cycle address sequence operation of the 
multiplexed bus 22. In the initial cycle of the write sequence, the high-order address bits are sent. Specifically, the high- 
order address signals (AB[1 4:11]) of the high-order address bits are latched into latch 40 over the control lines 22A, and 
20 the low-order address bits (AB[10:0]) of the high-order address signals are latched into latch 40 over the address/data 
lines 22B. 

In the next cycle of the address sequence, byte masks are loaded by the control lines 22A into the latch 40 by lines 
AB[14:11], and the remaining low-order address bits (AB[10:OJ) of the high-order address signals are loaded by the 
address/data lines 22B into latch 40. All of the address data has now been obtained. When subsequent address writes 
25 are initiated, the data in the latch 40 is sent to a standard data storage structure 43, such as a first-in-first-out (FIFO) 
data storage structure. Figure 4 shows an address FIFO 43 for storing a sequence of addresses. 

After each address is written, the data corresponding to the address is received in a data FIFO 42. The control logic 
44 coordinates the received address in latch 40 and the received data in FIFO 42. Recall that the address information 
includes byte mask data that is used by the control logic 44 to select the proper data. Using memory mapped I/O 46, 
30 the control logic 44 executes a selected operation in relation to the received data. 

The multiplexed bus 22 of the invention has now been fully described. Attention presently turns to the pipelined write 
operations of the invention. 

As previously indicated, the slave device 24 has an address FIFO 43 and a data FIFO 42 that hold transmitted 
address and data information. Write requests sent to a slave device 24 are saved in the address FIFO 43 and the data 

35 FIFO 42. Subsequently, the control logic reads the data from the respective FIFOs 42, 43 and sends an acknowledge 
signal to the bus controller 26. Thus, in accordance with the invention, a predetermined number of write requests may 
be performed and loaded into the address FIFO 43 and the data FIFO 42 of the slave device 24. 

This operation is shown in relation to Figure 3. In Figure 3 four write requests (A, B, C. D) are launched on the 
(S_REPLY) lines. As previously indicated, the S__REPLY signal goes directly to the slave device 24 over the control lines 

40 22A. Datapath writes are then initiated on the data lines 22B (DB[63:0]) within one cycle of each write request. The 
acknowledgements on the P_Reply line, of the control lines 22A, overlap with the write operation. For instance, write 
request C occurs at the same time as the acknowledgement for write data A. 

Thus, it can be appreciated from Figure 3 that sequential write operations are performed before and during the time 
that acknowledgements are received. 

45 This approach is in contrast to the prior art wherein an acknowledgement is required before each write operation. 
Thus, in accordance with the invention, a high bandwidth of pipelined write operations is achieved. Note that each write 
operation has to be acknowledged. In a burst mode data transfer technique a number of writes are sent, but only one 
acknowledgement is used for the group of writes. The pipelined write operation of the invention does not suffer many of 
the shortcomings associated with a burst mode data transfer. Specifically, the pipelined write operation does not have 

so to transmit a fixed amount of data, it does not require a fixed byte order, and it does not have a restricted address range. 
.The previously described mask bytes, used in accordance with the invention, provides greater flexibility in data format 
than is available in a burst mode data transfer operation. 

As previously indicated, the invention is implemented by providing each slave device 24 with FIFOs to store the 
received address and write data. The FIFOs corresponding to the operation in Figure 3 must be capable of holding four 

55 writes. The invention can be implemented with a data storage structure of any number of write operations. 

The bus controller 26 operates in a standard manner, but also includes a counter to keep track of the number of 
write operations. When the counter reaches a predetermined write limit, it activates a control circuit that prevents the 
bus controller 26 from generating writes beyond the capacity of the FIFOs 42, 43. Thus, in the example of Figure 3, after 
four write operations, the bus controller 26 stops executing data writes to the datapath bus 22B. 
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In Figure 3, E and F are read cycles. Note that there is a space before read cycle E. It is desirable to design the 
system 20 so that a read is launched only if there are 1 or zero unacknowledged writes in the FIFOs of the slave 24. 
Thus, the E write request is launched after the acknowledgement for C is sent on the P_REPLY line. The system 20 
may be designed such that a read can be launched despite a large number of unacknowledged writes in the FIFO. 
5 However, if the number is too high, then there is a danger that a read operation will stall the system 20 for an unreasonable 
period of time. 

The read operation is performed when the AEN signal is activated, the "Read Single" code (11) is placed on the 
S_REPLY lines, and the low address write on AB[14:0] of cycle 1 are all performed in the same clock cycle, as shown 
in Figure 3. When the slave 24 is ready to acknowledge the read, the slave 24 simultaneously drives the data on the DB 

w lines, through register 48 shown in Figure 4, and a "Read Single" code (11) on the P_Reply lines. This mode has the 
advantage of doing a best-case read in two clock cycles. 

To fully exploit the architecture of the present invention, the bus controjler 26 and the slave device 24 preferably 
support an additional type of read operation, referred to herein as a split read. The split read allows the CPU 28 to 
perform functions, say memory writes, while its waiting for the read data. 

is The split read feature exploits the fact that in the present invention the address signals are decoupled from the data 
signals. Thus, with the present invention, the address and data may be sent at different times. However, the address 
must be sent first. Data can then come any number of clock cycles later. 

This operation is more fully appreciated with reference to Figure 5. A split read cycle is identified by the slave 24 
when the S_REPLY signals are idle during the launching address cycle 1 . Once the slave 24 has the data for the access, 

20 the slave 24 drives a "Read Single" code (11) on the P_Reply lines. The controller 26 responds with a "Read Single" 
code (11) on the S_REPLY lines to tell the slave 24 that the data bus is available. The slave 24 drives the data on the 
DB lines two clock cycles later, and the transfer is complete. 

As shown in Figure 5, the split read takes a minimum of five clock (CLK) cycles. In cycle 0, if required, the bus 
controller 26 places the address on AB[14:0] and asserts AEN. On the second address cycle (address cycle ^) r the bus 

25 controller 26 asserts LO_ADDR. When it is ready for the read (identified by WRITEJ_ being unasserted), the slave 24 
asserts the P_REPLY read single (11) code. When it is ready to accept the read data, the bus controller 26 asserts 
S_REPLY. Two clock cycles later, the slave 24 places the requested read data on DB[63:0]. 

The foregoing descriptions of specific embodiments of the present invention are presented for purposes of illustration 
and description. They are not intended to be exhaustive or to limit the invention to the precise forms disclosed, obviously 

30 many modifications and variations are possible in view of the above teachings. For example, it should be borne in mind 
that the invention is applicable to multiple slave devices. In addition, the bus controller 26 need not be embedded within 
a CPU 28. The embodiments were chosen and described in order to best explain the principles of the invention and its 
practical applications, to thereby enable others skilled in the art to best utilize the invention and various embodiments 
with various modifications as are suited to the particular use contemplated. It is intended that the scope of the invention 

35 be defined by the following Claims and their equivalents. 

Claims 

1 . A computer system, comprising: 
40 a multiplexed address bus; 

a bus controller to generate 

ah address transfer sequence including a first cycle with high order address bits that are launched on said 
multiplexed bus and a second cycle with low order address bits that are launched on said multiplexed address bus, 
and 

45 a data transfer sequence executed after a latency period following said address transfer sequence, said data 

transfer sequence including the launch of a plurality of data bits on said multiplexed address; and 

a slave device connected to said multiplexed address bus to receive and process said high order address 
bits, said low order address bits, and said data bits. 

so 2. The computer system of claim 1 further comprising a memory device coupled to said multiplexed address bus. 

3. The computer system of claim 2 wherein said multiplexed address bus includes address/data lines, said memory 
' device and said slave device being connected to said address/data lines. 

55 4. The computer system of claim 3 wherein said address/data lines include address lines and data lines. 

5. The computer system of one of the claims 1 to 4 wherein said multiplexed address bus includes control lines, said 
slave device. being connected to said control lines. 
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The computet system of claim 5 wherein said control lines include address lines. 



7. In a computer system that includes a master device to launch a write request onto a data bus, and a controlled 
device to receive the write request and launch a write acknowledgement onto the data bus before a subsequent 
5 write request can be performed by the master device, the improvement comprising: 

a bus controller to launch a sequence of write requests before receiving a write acknowledgement; and 
a slave device to store said sequence of write requests and sequentially provide write acknowledgements 
on said data bus for each write request of said sequence of write requests. 

w 8. The computer system of claim 7 wherein said slave device includes a data storage structure to store said sequence 
of write requests, said data storage structure having a corresponding write request limit defining the number of write 
requests that can be stored. 

9. The computer system of claim 7 or 8 wherein said bus controller includes a counter to count each write request and 
is a control circuit responsive to said counter to prevent the number of write requests from exceeding said write request 

limit of said data storage structure. 

1 0. A method of operating a computer system that includes a master device to launch a write request onto a data bus, 
and a controlled device to receive the write request and launch a write acknowledgement onto the data bus before 

20 a subsequent write request can be performed by the master device, the method comprising the steps of: 

launching a sequence of write requests before receiving a write acknowledgement; and 
storing said sequence of write requests and sequentially providing write acknowledgements on said data bus 
for each write request of said sequence of write requests. 

25 11. The method of claim 10 wherein said storing step includes the step of storing said sequence of write requests up 
to a write request limit. 

12. The method of claim 10 or 1 1 wherein said launching step includes the steps of 
counting each write request; and 
30 halting write requests-when said write request limit is reached. 
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(54) Computet* system with a multiplexed address bus and pipelined write operations 



(57) A computer system with a multiplexed address 
bus that is shared by both system memory and by slave 
devices is described. The slave devices are incorpo- 
rated into an existing system memory configuration by 
providing a bus controller to execute a two-cycle 
address sequence on the multiplexed address bus. The 
address sequence is followed by a transfer of data. A 
random latency can exist between the time of receiving 
address information and the time of receiving data cor- 
responding to the address information. This random 
latency can be exploited by the system CPU for other 
computational purposes. The bus controller of the sys- 
tem executes multiple, or pipelined, data writes to the 
bus before an acknowledgement for the first data write 
is received. In this scheme, the acknowledgement for 
the first data write is typically sent during the same time 
period that the subsequent data writes are being 
received. Consequently, data transfer acknowledge- 
ments overlap data writes. This overlapping operation 
allows the bus to be completely utilized during write 
operations, thereby improving data bandwidth. 
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